[1] This study examines the interrelated effects of snow and ice on ground thermal conditions beneath regions of shallow water within the nearshore zone of the Mackenzie Delta. Field-and model-based data were used to determine the thermal boundary conditions at the sediment bed surface and to define the contemporary limit of permafrost. Over two consecutive winters, mean sediment bed temperatures deviated up to 9.8°C beneath bottom-fast ice that ranged from 10 cm to 100 cm thick, with intrasite variability as much as 4.7°C. Measured and modeled temperatures were found to exponentially relate to the duration of time ice is bottom-fast with the sediment bed. Mean winter ground temperatures at this boundary were predicted within ±0.25°C of the observed measurements using numerical thermal modeling. As on-ice snow depth decreased, the limit of equilibrium permafrost shifted toward progressively deeper water because of longer durations of ice contact and greater heat loss from the ground. The critical water depth for permafrost under equilibrium conditions was 84 cm (calculated from an ice thickness of 93 cm), which is equivalent to an ice contact time of 142 days. Equilibrium permafrost was mapped beneath 393. These results provide the first estimates of contemporary permafrost distribution for shallow water regions of the outer Mackenzie Delta.
Introduction
[2] In the nearshore zone of the Mackenzie Delta (Figure 1 ) bottom-fast ice (BFI) forms over extensive regions, due to shallow water depths (<2 m deep) that extend ∼15 km offshore [Solomon, 2003] . Where ice is bottom-fast, heat is readily conducted from the underlying sediments, which contributes to sustaining and aggrading permafrost below shallow water [e.g., Dyke, 1991 Dyke, , 2000 Solomon et al., 2008] . Key factors controlling heat loss from the ground include the duration of time ice is bottom-fast and the thermal insulation of the overlying snowpack [Stevens et al., 2010] . These two factors determine the thermal conditions at the sediment bed and whether permafrost is within thermal equilibrium or disequilibrium with surface conditions. Further offshore, ice remains floating throughout the winter and the thermal condition of subsea permafrost is controlled by water temperatures at the seabed [Mackay, 1972] .
[3] The transition of permafrost across the nearshore zone is complex and in part related to water bathymetry that extends from shore [Dallimore et al., 1988; Kurfurst and Dallimore, 1991, Figure 9] . In Arctic deltas, the water bathymetry is spatially variable in responses to changes in sediment delivery and transport along the coast, and localized erosion of the sediment bed. As a result, permafrost does not exhibit a simple and predictable transition toward deeper water. For example, Stevens et al. [2008] showed over short distances (tens of meters) permafrost may transition to disequilibrium conditions beneath seemingly similar zones of BFI. These locations represent sites where water depth or surface conditions have changed; whereby, incomplete freezeback of the active layer occurs and permafrost is degrading [Stevens et al., 2010] . This is in contrast to locations where permafrost is in thermal equilibrium and complete freezeback of the active layer and little interannual change in ground temperatures beneath the depth of annual variation occurs. Seaward of the modern Mackenzie Delta, the top of permafrost is variable or absent beneath floating ice where water depths are >2 m deep [Hunter et al., 1978; Judge et al., 1987; Pullan et al., 1987] . [4] Proposed plans for natural gas extraction make it important to understand permafrost within the nearshore zone of the Mackenzie Delta (available at http://www. mackenziegasproject.com/theProject/regulatoryProcess/ applicationSubmission/). Knowledge on the current state of permafrost, its distribution and its potential response to climate change is essential for the safe and cost effective design and construction of coastal infrastructure. Currently, little is known about the nearshore extent of contemporary permafrost in the Mackenzie Delta, when compared to the distribution of onshore terrestrial permafrost [Nguyen et al., 2009] and subsea permafrost that occurs in deeper water [Hunter et al., 1978] . This limited understanding is partly related to the lack of field-based data which is necessary to model ground temperatures and to map permafrost in this environment. However, more recent ground temperature records acquired beneath varying water depths throughout the period of open water and ice cover offer a unique opportunity to validate ground thermal models and further define the conditions that constrain permafrost in this environment.
[5] In this study, we numerically model ground temperatures under varying scenarios of on-ice snow depth, in order to define ground thermal conditions, and to establish the contemporary limit of permafrost beneath shallow water. The primary objectives of this study are (1) to characterize the thermal offset between air and Sediment Bed Temperatures (SBT) for the period of ice cover, (2) to model thermal boundary conditions at the sediment bed and the top of permafrost beneath BFI, (3) to determine the contemporary limit of permafrost under equilibrium conditions, and (4) to develop a nearshore distribution map of permafrost and seasonal frost. The potential implications of human induced modification to winter surface layer conditions and those related to climate change are discussed.
Study Area
[6] This study takes place within the nearshore zone of the Mackenzie Delta, located within the western Canadian Arctic (Figure 1 ). The modern Holocene delta is approximately 200 km long and 65 km wide and extends northwest into the Beaufort Sea, filling the glacially scoured Mackenzie Trough. The delta lies within the zone of continuous permafrost [Nguyen et al., 2009] , despite the thermal influence from numerous lakes and channels [Smith, 1976] . Permafrost beneath the delta plain is typically <100 m thick [Taylor et al., 1996] . Mean annual ground temperatures range from −1.5°C to −3°C below tree line (inner delta) and −3°C to −5°C above tree line in the outer delta [Burn and Kokelj, 2009] .
[7] The nearshore zone is characterized by a broad shallow water platform that consists of fine-grained sediments. Water depths <2 m extend for ∼15 km seaward of the delta front [Solomon, 2003] (Figure 1 ). Nearshore sedimentation results in localized progradation of sediment bars despite the delta undergoing a transgression [Jenner and Hill, 1998 ]. Sea level rise is on the order of 2 mm a −1 , with shoreline retreat along the modern delta front averaging 1.8 m a −1 [Solomon, 2005] . Ice cover along the coast extends for ∼8 months of the year, with freezeup occurring in early to mid-October. Coastal ice growth typically ranges from 160 to 180 cm by late March, resulting in the occurrence of BFI over large regions of the nearshore zone. Ice breakup over much of the region seaward of the delta front is thermally induced by air temperatures that are greater than 0°C and over-ice flooding during the spring freshet. The freshet peaks in late May to early June, with a steady decline in discharge throughout the summer months (June to August) [Hill et al., 2001] . Freshwater passing through the delta is sourced from the south via the Mackenzie, Peel and Arctic Red Rivers, where warmer conditions persist.
Methods

Field Measurements
[8] In this study, late winter ice measurements were made following techniques described by Stevens et al. [2010] . All field measurements and model simulations were based on the thickness of BFI. Equivalent water depth measurements were corrected for the 9% reduction in volume associated with the change from solid ice to liquid water. On-ice snow thickness was typically determined from an average of 30 snow probe measurements and the base of ice-bonded permafrost was determined from drilling conducted with an air rotary drill in March of 2007.
[9] Ground temperatures were measured for two consecutive years (2005-2006 and 2006-2007) at four nearshore locations where BFI was 10-100 cm thick. The sites extend along a seaward transect at the mouth of Middle Channel (Figure 1 ). Temperatures at the sediment bed were measured with Vemco™ loggers accurate to ±0.3°C. Additional information on the installation of these sites and the instruments used for measuring ground temperatures are given by Solomon et al. [2008] . Data coverage was continuous for the period of study with the exception of site BH03, which experienced failure of the data logger for five month in 2006. The stability of this site was also compromised during the winter of 2007 when heaving of the well casing occurred, limiting the use of data from this location.
[10] The ground temperature records used in this study have been presented elsewhere Stevens et al., 2010] . Herein, we utilize this data set to establish the measured relation between air temperatures (T a ) and SBT and to independently verify thermal modeling results. Freezing indices, expressed as degree days (°C d), were calculated from the accumulated temperatures measured below 0°C. Indices for the air were calculated from air temperature measurements recorded at Tuktoyaktuk [Environment Canada, 2008] and for the sediment bed using measurements recorded with the Vemco™ loggers at each monitoring site. The Tuktoyaktuk site is located approximately 100 km east of the study area and is subject to similar coastal conditions. Air temperature measurements from nearby stations that were closer to the study area could not be used due to the lack of a complete record for 2006-2007. [11] Freezing n factors defined as the ratio between the sum of freezing indices in the air and at the sediment bed were calculated using [Lunardini, 1978] 
where n f is the freezing n factor, FDD a and FDD s are the accumulated air and sediment bed freezing degree days for the period (in time t) of freezing in the air ( fa ) and at the sediment bed ( fs ). T f is the freezing point temperature (0°C).
[12] The computed n factors summarize the surface energy balance and act as transfer functions between the air and sediment bed temperature. N factors have been applied for engineering purposes [Carlson, 1952; Lunardini, 1978] and in natural settings to determine surface offsets at the ground surface and to determine permafrost conditions and distribution [Jorgenson and Kreig, 1988; Wright et al., 2000; Henry and Smith, 2001; Klene et al., 2001; Karunaratne and Burn, 2004; Kade et al., 2006] . We use an n factors approach in this study (1) to define and characterize local variability in surface offset, (2) to relate surface offset to permafrost conditions, and (3) to present the findings in a way that may be easily utilized by future studies.
Modeling Approach
[13] TEMP/W thermal modeling software (available at www.geo-slope.com) was used to model winter sediment bed temperatures (SBT w ) under varying thickness of on-ice snow. TEMP/W has been verified against analytic solutions and is commonly used in permafrost-related studies [Arne and Anisimov, 2008; Taylor et al., 2008; Kokelj et al., 2009] . The modeling code is based on a finite element numerical solution of conductive heat transfer that accounts for temperature-dependent thermal properties, sediment unfrozen water content and the distribution of latent heat.
[14] Model simulations were run to assess the sensitivity of ground temperature to changing on-ice snow under various thicknesses of BFI that were unable to be occupied by field sites. Simulations were run with a BFI thickness of 10, 25, 50, 75, 100, 125, 150 cm and an average on-ice snow thickness of 10, 20, 30 and 40 cm. Average snow depths were used as no continuous records exist for this region and land-based records inaccurately capture snow accumulation and redistribution on ice [Hanesiak et al., 1999] . In addition, records available for the Alaskan coast indicate that the snowpack on land-fast ice is relatively consistent (<4 cm increase from February to early June) (available at http:// seaice.alaska.edu/gi/data), suggesting that an average thickness is representative for the purposes of this study (Figure 2 ).
[15] The initial timing of BFI at each water depth under the given snow thickness was defined by a simplified ice growth model [Woo and Heron, 1989] 
where ∂h i /∂t is the rate of ice growth, T w is the freezing point of water (°C), T s is the snow surface temperature assumed to be equivalent to the air temperature (°C), L f is the latent heat of fusion (J kg −1 ), r i is the density of ice (kg m −3 ), h i and h s are the ice and snow thickness (m), and k i and k s are the thermal conductivity of ice and snow. The ice growth model was validated against field measurements using the timing of BFI recorded at the ground temperature sites and the average ice thickness determined from drill measurements. The ice growth model does not account for local variability in ice growth caused by significant spatial difference in on-ice snow, subice currents or more dynamic ice-related processes (e.g., frazil ice formation).
[16] Average winter temperatures modeled at the sediment bed with TEMP/W were validated against field measurements and used to compute n f for each snow and BFI thickness. The n f values were then combined with an average water temperature to determine the mean annual sediment bed temperature (SBT a ) (modified from Smith and Riseborough [2002] )
and to determine the temperature at the top of permafrost (TTOP) (modified from Smith and Riseborough [1996] and Riseborough and Smith [1998] )
where P is the annual period (365 d), TDD w is the thawing degree days of the water column and r k is the ratio between the thermal conductivity of thawed and frozen sediment. The TDD w parameter applies an average water temperature of 9.5°C over the period of open water and is defined by
where W Ave is the average water temperature (°C) for the period of open water (P ow ) in days. The TDD w term represents modification of the original equations presented by Smith and Riseborough [1996] and Riseborough and Smith [1998] for terrestrial environments. This term was substituted in place of the thawing n factor and TDD a, which do not apply to aquatic environments where water temperatures moderate SBT during the period of open water. The consistency of average annual water temperature in this region [Stevens et al., 2010] allows for such simplification. The r k parameter accounts for seasonal differences in heat transfer caused by changes in the thermal conductivity of the ground.
[17] In this study, the TTOP model provides the structure to assess the influence that changing ice and snow condition may have on permafrost. The TTOP model links top of permafrost temperatures to surface-climate interactions. This model has been utilized to analyze the impacts of climate change [Smith and Riseborough, 1996] , to determine environmental controls on the limits of permafrost in Canada [Smith and Riseborough, 2002] and to map ground temperatures on a regional scale [Henry and Smith, 2001] . More recently, the TTOP model was applied to assess the effects varying surface conditions have on mountainous permafrost in Norway [Juliussen and Humlum, 2007] .
[18] Thermal properties for sediment, ice and snow incorporated into the TEMP/W model are shown in Table 1 . The thermal conductivity and volumetric heat capacity for ice was based on published values presented by Williams and Smith [1989] . Snow properties were based on a bulk average given by Sturm et al. [2002] for on-ice snow in the Beaufort Sea. Sediment thermal properties of sandy silt were determined from both intact sections of core and remolded sediments from the study sites using a KD2 Pro™ dual needle probe, manufactured by Decagon Devices. The accuracy of this device is ±5% for thermal conductivity and ±7% for heat capacity (available at http://www.decagon. com/education/kd2-pro-manual/). Performance verification of the probe was routinely conducted throughout the sampling. The temperature-dependent thermal conductivity and heat capacity of the sediment was expressed as a function of the unfrozen water content (W u ) measured with time domain reflectometry. The fit of W u over a temperature (T) range of 0°C to −8°C was found to be W u = 0.1358*T −0.637 .The average r k value for sediment was determined to be 0.57.
Nearshore Mapping With Synthetic Aperture Radar
[19] A time series of synthetic aperture radar (SAR) images were used to map the distribution of nearshore permafrost. The effectiveness of SAR to delineate zone of bottom-fast and floating ice is based on differences in radar backscatter caused, mainly, by the presence of water or frozen sediment at the base of the ice column [Solomon et al., 2005; Eicken et al., 2005; Hirose et al., 2008] . Verification of ice conditions interpreted from SAR images have been conducted by the authors within the study area.
[20] The images analyzed in this study were collected throughout the winter of 2006-2007 on 20 December, 24 January, 28 February, and 16 March at 12.5 m resolution. Each image was geographically registered and imported into PCI for visual enhancement using a linear contrast stretch. Zones of BFI were manually digitized based on scaled amplitude values. The duration of BFI for each classified region was then assigned an Ice Contact Time (ICT) that ranged from the date of the last image. A nearshore distribution map of permafrost and seasonal frost was then created using the numerically modeled thresholds for each condition. The mapped extent of permafrost and seasonal frost were then validated against Ground Penetrating Radar (GPR) and drill data acquired in 2007 (see Stevens et al. [2008 Stevens et al. [ , 2009 for details on data acquisition and interpretation). Nearshore regions with seasonal frost represent locations where permafrost is absent or incomplete freezeback of the active layer occurs by late winter.
Results and Discussion
Thermal Boundary Conditions at the Sediment Bed
[21] Table 2 summarizes the average SBT and air temperatures on an annual and seasonal (freezing and thawing) basis for the study sites. The greatest variability in seasonal temperature occurs throughout the freezing season, with mean temperatures deviating by up to 9.8°C (from −0.5°C to −10.3°C) beneath BFI that ranges from 10 cm to 100 cm thick. Intrasite variability in freezing season temperatures over the two winters was as much as 4.7°C. This variability in ground temperatures throughout the freezing season can be explained by differences in the timing of BFI for each water depth and thermal insulation caused by on-ice snow [Stevens et al., 2010] . Such differences alter the duration of ice contact with the sediment bed surface and subsequent heat loss from the ground. For example, in Figure 3 , sites located beneath 30 cm and 100 cm of BFI experience a 6.3°C difference in SBT w (from −4°C to −10.3°C), with the warmest SBT w associated with deeper water and a shorter ICT. Prior to the onset of BFI, the temperature of the freshwater beneath the floating ice column is at 0°C (Figure 3) .
[22] During the period of open water (thawing season) SBT are consistently higher than the temperature of the air (Figure 3 ). This is due to the buffering effects of the water column, which limits cooling of the sediment bed during periods of decreasing air temperature. The high heat capacity of water also allows for the transport of heat over significant distances, which moderates SBT. Over the two years, the difference in average SBT during the period of open water was 1°C (Table 2) . Intrasite variability in temperature over the two years was <1°C. The SBT are somewhat independent of water depth, due to the shallow conditions and the thorough mixing of water as it enters the nearshore zone. Mean water temperature at the study sites are comparable to measurements reported by MacKay and Mackay [1975] and Smith [1976] . However, more pronounced differences in water temperature from those measured within the study area may occur at locations not directly influenced by the Mackenzie Plume.
Seasonal Freezing N Factors (n f )
[23] The calculated freezing n f for the field sites ranged from 0.03 to 0.54, with the lowest values corresponding to the shortest ice contact times that occur where BFI is thicker (i.e., at deeper water sites) ( Table 3 ). The average annual change in n f from the shallowest to deepest water site was 0.45, representing the 9.8°C change in SBT w . Intrasite variation in n f was up to 0.24, which corresponds to the 4.7°C change in SBT w . The n f is inherently variable for different water depths, since degree days do not begin to accumulate until after the onset of BFI. Prior to BFI during the period of floating ice, SBT are isothermal at 0°C and do not contribute to the FDD s total. Therefore n f is sensitive to changes in the timing and duration of BFI. An n factor approach for the freezing season can be used for locations with BFI, since the air and sediment bed surface is dominated by conductive heat transfer through the snow and ice column. However, the high degree of interannual variability in n f at individual sites suggests that SBT w must be modeled as a function of the ICT for each water depth. (2005-2006 and 2006-2007) [24] The ICT can be defined as a function of the water depth (WD) and the rate of ice growth (ICT = f(WD, ∂h i /∂t)), where the timing of ice freezeup and breakup are held to be constant over an area. Snow plays an important role in determining the ICT, as it restricts heat loss at the ice-water interface and thus decreases ∂h i /∂t. Once the ice column becomes bottom-fast, snow also limits heat loss from the underlying sediments [Stevens et al., 2010] . Where the ICT = 0, the ice does not become bottom-fast and SBT a > 0°C.
Modeled Ice Contact Times
[25] Over the winter of 2005-2006 and 2006-2007 , contrasting coastal ice and snow conditions were observed within the study area (Table 4 ). The reduction in ice growth in the former winter was associated with an average snow depth of 20 cm. Although, some channel locations in the outer delta exhibited 30-40 cm of snow. In the winter of 2006-2007 snow depths averaged 10 cm. Table 4 [26] Modeled ice growth confirms that the increase in onice snow exhibited in [2005] [2006] contributed to a slower rate of ice growth (Figure 4) . The modeled rate of ice growth has a direct impact on the ICT, with the accumulated impacts being greater in late winter (Figure 4b ). This results in deeper water sites experiencing greater interannual variability in ICT when compared to those of shallow water. The modeled ice growth was based on an average on-ice snow thickness for each winter and validated against direct measurements from ground temperature sites and an average of drill measurements taken in middle-to-later winter. Therefore, these modeled results do not account for local variability in ice growth caused by differences in on-ice snow, subice currents or more dynamic ice-related processes (e.g., frazil ice formation). However, this is thought to be insignificant based on drill (Table 4) and GPR measurements of ice thickness.
Modeled Sediment Bed Temperatures
[27] Figure 5 shows SBT w and corresponding n f values modeled with snow depths ranging from 10 to 40 cm during . Modeled mean winter sediment bed temperature (SBT w ) and freezing n factor (n f ) for average snow depths ranging from 10 to 40 cm. Mean temperature exponentially increases with increasing duration of ice contact. A greater thermal offset is also observed under thicker snow. the 230 day freezing season. The modeled data is based on results obtained from TEMP/W using full thermal conditions and an ICT that has been corrected for ice growth under each snow depth scenario. Measured SBT w lie within the range of temperatures modeled using 10-40 cm snow depths ( Figure 5 ). Based on average snow depths at each site, temperatures measured over the two freezing seasons are shown to be in good agreement with modeled values (Figure 6 ). Six of the seven modeled SBT w are within ±0.25°C of the measured temperatures, which is within the accuracy of the Vemco™ loggers used to record SBT. In addition, mean annual sediment bed temperatures (SBT a ) over one year are within ±0.4°C of the measured values.
[28] The relation between SBT w and ICT is exponential, with increasing ICT and decreasing snow depth associated with colder temperatures (Figure 5) . A greater departure in temperature exists as ICT and snow vary, due to difference in heat loss caused by the duration of ice contact and the insulation of the snow layer. At the maximum ICT of 230 days, SBT w changed by 8.5°C in response to snow thickness varying from 10 cm to 40 cm. Whereas, temperatures varied by <1°C under similar snow conditions where the ICT was <50 days in duration. Significantly less variability in mean temperature at shorter durations of ICT relates partially to the release of latent heat from freezing of the underlying saturated sediment, which modifies temperatures at the sediment bed.
Limits of Permafrost
[29] The critical ICT at which permafrost may be present under equilibrium conditions can be assessed using the TTOP model (equation (4)). The limiting conditions for permafrost is where TTOP = 0°C. Figure 7 shows the critical ICT and corresponding water depths for permafrost under each snow depth scenario. The limit of permafrost is shown to shift toward progressively deeper water as snow depth decreases. The critical ICT necessary to sustain permafrost is also less where snow thickness is reduced. This is in response to more heat loss taking place throughout the freezing season; therefore, less time is necessary to meet the same thermal conditions.
[30] Based on data presented in Table 4 , the contemporary snow thickness for the region of study is ∼10 cm. This corresponds to a critical water depth of 84 cm (calculated from an ice thickness of 93 cm), which is equivalent to an ICT of 142 days. Drill measurements obtained in March of 2007 indicate that the critical BFI thickness for permafrost in equilibrium with surface conditions is ∼100 cm. At thicknesses greater than 100 cm, permafrost is either not present or occurs in disequilibrium with surface conditions. The latter is evidenced by the presence of suprapermafrost taliks at sites BH02 and BH02-T. At BH02 ground temperatures are marginally below 0°C and the permafrost table is actively deepening under degrading permafrost conditions [Stevens et al., 2010] .
[31] The modeled limit of permafrost also agrees with findings presented by Burn [2002] . This study determined that the limiting water depth for permafrost along the margins of coastal lakes located east of the modern delta on Richards Island was 60% of late winter ice thickness. This was in support of earlier reports made by Mackay [1992] . For the present study, contemporary late winter (March) ice thickness is 161 cm and the modeled critical BFI thickness for equilibrium permafrost is 93 cm, which is approximately 60% of the ice thickness. Where on-ice snow thickness increases this limit may be considerably less as demonstrated by Figure 7 . It can be inferred that snow conditions over anomalous winters (e.g., 2005-2006) will induce short-term warming of permafrost, while long-term ground thermal conditions and the limit of permafrost are based on more representative winters.
Nearshore Distribution of Permafrost and Seasonal Frost
[32] The modeled spatial distribution of shallow water permafrost and seasonal frost along the modern delta front is shown in Figure 8 . This map integrates the model criteria for permafrost and seasonal frost and uses the ICT determined from a time series of SAR images collected over the winter of 2006-2007. The map only indicates regions that are underlain by permafrost in equilibrium with surface conditions and does not delineate the current extent of permafrost in disequilibrium. It is also important to note that the distribution of seasonal frost is only for the winter of 2006- [33] Approximately 781.7 km 2 of BFI was mapped within the region of interest (see Figure 1 for mapped area). Of which 393.8 km 2 was determined to be underlain by equilibrium permafrost and an additional 387.9 km 2 affected by seasonal ground freezing. The distribution map exhibits a perfect fit with the drill data (Table 5 ) and has a 95.5% agreement with GPR data acquired over 22 km at the Middle Channel study site (Figure 8a) . Disagreement between the distribution map and the geophysical surveys occurred at the boundaries between seasonal frost and permafrost, which largely relates to differences in the mapping resolution of each data set.
[34] Permafrost occurs beneath much of Middle Channel which separates Langley and Niglintgak Islands (Figure 8a ). However, permafrost in equilibrium is nonexistent across deeper water located near boreholes BH02 and BH02-T (Figure 8a and Table 5 ). Further seaward at the mouth of the channel, the broad lobate bar is characterized by shallower water depths (longer ICT) and thick ice-bonded permafrost (21.5 m deep at sites BH03 and 060). Permafrost thins toward boreholes BH04 and BH05 and eventually transitions into nearshore regions that are solely affected by seasonal ground freezing. Northeast of the Middle Channel site, permafrost and seasonal frost surrounds many of the remnant Pleistocene islands. Coastal erosion of the islands [Solomon, 2003] and recent sediment supply from Kumak Channel, located to the north of Niglintgak Island, contributes to the shallow water and occurrence of BFI.
[35] Figure 8b shows an additional inset area focused around Olivier Islands, with Ellice Island in the view. Interestingly, shallow water and BFI does not occur in most of the area seaward of Ellice Island. This is despite coastal retreat being 2 m a −1 to 7.5 m a −1 [Solomon, 2005] . The lack of BFI within this area results from water depths that are greater than annual ice thickness. As a result, equilibrium permafrost or seasonal frost is not present. An insufficient source of sediment supplied by channels may be attributed to the lack of shallow water at this locality. Nevertheless, relic permafrost likely extends seaward of Ellice Island, given the rates of coastal retreat and the time required to degrade cold terrestrial permafrost. Permafrost distribution is more extensive beneath the channels that separate the Olivier Islands (Figure 8b ). Shallow water occurring between these islands is the result of recent channel infilling and landward progradation of sediment [Jenner and Hill, 1998 ].
[36] The thermal modeling and mapping presented in this study are not intended to capture local variability of ice and snow conditions, which would affect ground thermal regime. Instead, the model predicts ground temperatures and the limit of permafrost for representative conditions by summarizing more complex heat flow that occurs on a seasonal basis. Stevens et al. [2008] has shown that changes in water depth occurring over 10s of meters impact the distribution of the underlying ice-bonded permafrost, which are not fully captured by the mapping shown in Figure 8 . Lateral heat flow was also neglected, due to the low gradient of nearshore water bathymetry. However, more pronounced changes in lateral heat flow are likely to occur at locations adjacent to land and/or where dramatic changes in water depth occur. The limit of coastal permafrost is also not transferable to shallow water environments within southern regions of the delta, based on the regional differences in snow and ice conditions (Figure 9 ). These regional changes in snow and ice suggest that ground thermal conditions are significantly different below the tree line where snow distribution is affected by vegetation and topography which surround the water body. Local snow and ice conditions are Figure 7 . Modeled temperatures at the top of permafrost (TTOP) for average snow depths ranging from 10 to 40 cm. The critical ICT and maximum water depth (WD) at which permafrost may be present under each snow thickness is noted by the vertical dashed lines. The critical ICT defining the permafrost limit (PF limit) decreases beneath thinner snow depths in response to greater heat loss throughout the winter. also likely to be more spatially variable across delta lakes and channels.
Climate Change and Coastal Development
[37] Climate change poses its own impacts on permafrost beneath shallow water by altering water temperatures, ice conditions (ice growth and timing of freezeup/breakup) snow fall, river discharge and sediment delivery to coast. Since 1970, mean annual air temperature in this region has risen more than 2.5°C, with the greatest change occurring in the winter [Burn and Kokelj, 2009] . Global circulation models predict that mean air temperature will increase 2.5°C to 4°C in the winter and 0.5°C to 1.5°C in summer, for the years 2010-2039 [Bonsal and Kochtubajda, 2009] . If these predictions are correct, the greatest impact will be to winter Figure 8 . Nearshore distribution of equilibrium permafrost and seasonal frost beneath shallow water located along the modern delta front, with insets centered around (a) Middle Channel and (b) Olivier Islands. Note that permafrost in disequilibrium with surface conditions extends beyond the limits shown above. The maximum extent of seasonal frost may also vary in response to interannual changes in ice growth, resulting in differences in the distribution and duration of BFI. thermal conditions beneath zones of BFI. Temporal changes in the accumulation of on-ice snow would greatly impact ice growth and winter heat extraction beneath zones of BFI, given the sensitivity of SBT w and TTOP to snow (Figures 5  and 7 ). Nearshore water temperatures may also increase with warming in Mackenzie Basin and from reduced sea ice within the southern Beaufort Sea.
[38] In the midst of continued sea level rise and coastal retreat in the delta, terrestrial permafrost will undoubtedly continue to be submerged below water. Despite this, some nearshore locations may exhibit sedimentation that is equal or greater than sea level rise. Sedimentation contributing to aggradation of emerging bars has been documented to occur within the Olivier Islands [Jenner and Hill, 1998 ] and has most likely taken place at the Middle Channel site. As a result, shallow water within these regions provides the conditions necessary to sustain and aggrade permafrost through active cooling of the ground. In Figure 8 , permafrost in equilibrium is shown to correspond to locations of active sedimentation (i.e., at the mouth of Middle Channel) and where locally derived sediments are supplied from eroding islands. Over time, the supply of sediment and dispersal along the delta front will naturally modify permafrost distribution beneath shallow water. With climate warming, the supply of sediment could potentially increase with the thawing of permafrost within the Mackenzie Basin.
[39] As hydrocarbon exploration and development proceeds in the Mackenzie Delta, human activity may locally impact ground temperatures where snow and water depths are altered through the construction and clearing of ice roads and pads, the navigational dredging of shallow water and the construction of pipelines. Removal of snow cover from the ice surface throughout the winter may result in earlier onset of BFI and increased heat loss from the ground. Conversely, increasing water depths through the modification of the sediment bed (e.g., dredging) would contribute to warming in the ground. With careful consideration, these human induced changes may be used to artificially modify ground temperatures to meet the engineering parameters required to safely construct coastal infrastructure. The modeled limits equilibrium permafrost and seasonal frost shown in Figure 8 provides guidance for the planning and installation of seabed and subseabed infrastructure in this region.
Conclusions
[40] The following conclusions were reached from this study.
[41] 1. Sediment bed temperatures are highly variable throughout the freezing season due to the impact of snow on the ICT and the transfer of heat from the ground. Over the two winters, SBT w varied by 9.8°C beneath BFI that ranged from 10 cm to 100 cm. Intrasite changes in SBT w were as much as 4.7°C.
[42] 2. SBT w is exponentially related to the ICT, as a functions of T a , WD and ∂h i /∂t and snow depth. This correlation provides the means to accurately predict the spatial and temporal variability in SBT w , which previously represented a major challenge to modeling permafrost conditions beneath shallow water environments.
[43] 3. The greatest variability in the ICT exists beneath the thickest BFI (i.e., deeper water), due to the effects of snow on ice growth. However, snow creates the greatest thermal offset at sites that exhibit the shallowest water and longest duration of ice contact.
[44] 4. Thermal modeling of contemporary permafrost indicates that the critical water depth for permafrost under equilibrium conditions is 84 cm (calculated from an ice thickness of 93 cm), which is equivalent to an ICT of 142 days. Permafrost in disequilibrium likely extends beneath water depths or BFI thicknesses that are greater than these thresholds or where snow depths are greater than 10 cm.
[45] 5. A nearshore distribution map of contemporary permafrost and seasonal frost beneath shallow water was successfully developed by applying the modeled criteria for each to a time series of SAR images. Equilibrium permafrost was mapped beneath 393.8 km 2 of BFI. An additional 387.9 km 2 of BFI was affected by seasonal ground freezing in the winter of 2006-2007. 
